Abstract-We report on the design, fabrication, and optical characterization of InN-based optical waveguides aiming at their application as all-optical limiters at 1.55 µm. The InN guiding layers are grown by radio frequency (RF) sputtering on sapphire substrates. Experimental cutback method and nonlinear optical transmittance measurements were performed for the developed devices. The waveguides present nonlinear behavior associated with two photon absorption process. A nonlinear absorption coefficient ranging from ∼43 to 114 cm/GW is estimated from optical measurements. These results open the possibility of using RF sputtering as a low cost and thermally harmless technique for the development and overgrowth of InN-based optical waveguides in future III-nitride all-optical integrated circuits working at telecom wavelengths.
I. INTRODUCTION

M
UCH effort is being made to introduce the all-optical approach in future telecommunication networks aiming at the fully exploitation of the extremely large bandwidth provided by optical fibers. For this purpose, new optical devices are required for performing active all-optical functions via different nonlinear optical processes at 1.55 μm. All-optical devices require highly nonlinear materials with ultrafast response while presenting the highest transmittance change with the lowest control pulse energy. In particular, all-optical switching has been demonstrated by several heterostructures on GaAs [1] and InP [2] substrate platforms presenting relaxation times in the range of few picoseconds. III-nitride semiconductors emerged as attractive materials for all-optical signal processing at 1.55 μm through the enhanced third-order nonlinearity due to the asymmetry of their crystalline structure. Among them, quantum wells (QWs) and quantum dots (QDs) based on GaN/AlN heterostructures can efficiently perform this function via intersubband transitions with ultrafast relaxation times in the range of 150-400 fs [3] , [4] for the TM polarization of light at 1.55 μm. Apart from these heterostructures, the interband transition of InN/InGaN systems with relaxation lifetimes of a few ps [5] can be considered as an interesting active alternative for covering the telecommunications C-band (1.53-1.57 μm). Another option comes from the InN material with band gap energy ∼0.7 eV [6] which operates at 1.55 μm presenting recovery times in the range of ps [7] . Finally, InN material by radio-frequency (RF) sputtering with the band gap at ∼1.7 eV provides an attractive solution for two-photon-absorption (TPA) based limiters devices, showing recovery times in the range of 300 fs [8] .
On the other hand, photonic integrated circuits (PICs) are rapidly being developed due to their versatility to include several optical functions in a tiny space while consuming low power. III-nitrides are very promising materials for implementation in PICs for all-optical communication applications at 1.55 μm. Low control switching energies below 38 pJ for 10 dB of transmittance contrast have been reported for optical waveguides based on GaN/AlN QWs and QDs heterostructures grown on c-sapphire substrates [9] , [10] . Hence, considering these results, in this letter we focus on the development of novel InN-based optical waveguides for all-optical limitation applications at 1.55 μm. The InN guiding layer was deposited by RF sputtering on c-sapphire taking advantage of its lower refractive index compared to those of III-nitrides which enables good waveguiding while avoiding the light absorption by the substrate due to its high transparency at telecom wavelength. Sputtering takes profit of being a low cost technique while enabling the layers overgrowth at relatively low temperatures avoiding the likely material damage induced by high temperature processes.
II. EXPERIMENTAL
Two different InN guiding layers are considered for the fabrication of the optical devices: (1) a columnar InN film deposited on sapphire using an AlN buffer layer and (2) a compact InN layer grown directly on sapphire. Optical design of the waveguides was performed via the commercial mode solver RSoft BeamProp aiming at reaching single mode 1041-1135 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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propagation by taking into account the refractive index contrast and the waveguide geometry. The considered refractive indices of sapphire, InN and AlN materials at 1.55 μm are 1.740, 2.280 and 2.125, respectively. The columnar InN layer was grown on a double 60-nm-thick AlN buffer layer. The synthesis of the buffer was carried out following a previously optimized two-step deposition method [11] . The InN layer deposition was performed at 40 W of RF power, 450°C of substrate temperature, 3.5 mTorr of sputtering pressure and pure nitrogen (6N) atmosphere. This InN guiding layer presents a columnar morphology with a diameter of the nanocolumns estimated by atomic force microscopy, of ∼87 nm [12] . Optical simulations of the waveguide structure based on this columnar layer lead to an optimized thickness of the InN guiding layer of ∼600 nm to ensure modal guiding at 1.55 μm for the minimum ridge width under study (2 μm) . These values of thickness and minimum waveguide width are similar to those of the developed GaN/AlN-based waveguides [10] enabling an improved light coupling between both devices within a III-nitride-based PIC. In a second step, the etching depth is investigated considering values from 50 nm to 600 nm for the 2-μm-wide and 2-mm-long columnar waveguide in order to accomplish single mode propagation while minimizing the modal guiding through the slab. Following these simulations, single mode behavior is expected for etching depths from 50 nm to 200 nm whereas multimode propagation is obtained for ridge heights larger than 250 nm. Among the required values for single mode propagation, the optimized etching depth was 100 nm since it leads to the highest confinement of light through the waveguide while presenting the lowest theoretical effective mode area of ∼1.6 μm 2 .
The second investigated InN guiding layer is a 350-nm-thick compact InN layer grown directly on sapphire substrate at lower temperature than the columnar film (300°C) but keeping constant the rest of the deposition parameters. Optical design of the compact InN-based waveguide is also investigated in order to optimize the ridge dimensions for single mode propagation. Considering a ridge width of 2 μm, etching depths varying from 50 nm to 350 nm are investigated. The best result is obtained for 350 nm etching depth since it induces single mode propagation while presenting the lowest effective area of ∼0.9 μm 2 within the analyzed range of ridge heights. Furthermore, it presents the easiest technological process since it is only required to etch down to the substrate. Fig. 1(a) shows the modal amplitude profile at the output of the two optimized InN-based devices together with their corresponding modal amplitude color maps [see Fig. 1(b) and Fig. 1(c) ]. In all cases, the modal amplitude has been normalized with respect to the power of the field launched into the device. Under the consideration that both InN materials present a similar nonlinear absorption coefficient, an enhanced nonlinear response should be expected for the waveguide based on the compact InN layer as it shows a better modal confinement through the waveguide (lower effective mode area) and higher normalized maximum modal amplitude of 42% compared to that of the columnar InN waveguide of 37% [see Fig. 1(a) ]. The 600-nm-thick columnar InN film shows an apparent optical band gap of ∼1.69 eV with an absorption band edge of E∼0.174 eV [12] . On the other hand, the 350-nm-thick compact InN film presents a band gap energy of ∼1.77 eV with E∼0.133 eV. The large band gap value obtained for both InN layers is associated with the Burstein-Moss effect due to the high residual carrier concentration, in the range of 10 20 cm −3 [8] . Furthermore, both layers present wurtzite structure with a FWHM of the rocking curve around the InN(0002), of 2.7°and 2.2°for the columnar and the compact InN layers, respectively. In addition, the investigated InN layers show similar rms surface roughness, estimated by AFM measurements, of ∼6 nm. Field-emission scanning electron microscopy (FESEM) images of these columnar and compact InN films are shown in Fig. 2(a) and Fig. 2(b) , respectively.
The devices processing consists of three main steps. First of all, the patterning of the guiding structures is carried out by UV lithography considering waveguides width of ∼2 μm. Afterwards, these InN-based layers are etched by physical RF sputtering at room temperature by using pure Ar (5N) plasma with 40 W of RF power applied to the substrate at a chamber pressure of 3.5 mTorr. Finally, the fabrication process entails the mechanical polishing of the waveguide facets.
III. RESULTS AND DISCUSSION
Optical characterization of the waveguides was performed at linear and nonlinear regimes using a mode-locked fiber laser operating at 1.55 μm with a pulse width of 100 fs and a repetition rate of 100 MHz. The laser output was coupled into an optical fiber and split using an optical fiber coupler (99/1); 99% of the signal was used to perform the linear and nonlinear measurements and the rest was used as a signal power reference. Light was controlled in polarization and coupled into the waveguides by means of a ∼2.5-μm-diameter-spot lensed fiber. The pulse is broadened by the whole optical system up to 150 fs. Besides, the waveguide is mounted on a 3-axis positioning stage with tilt and rotation controls. The light at the output of the device was collected by a second lensed fiber similar to that used at the input facet of the device. The collected light is driven to a power meter in order to measure the output optical power at 1.55 μm. Fig. 3 shows the results of the cut-back experiments [13] for both columnar and compact waveguides for TE and TM light polarization under incident power conditions (−2 dBm input average power) that ensure negligible non-linear behavior of the devices at 1.55 μm. It has to be pointed out that electric field of light is considered to vibrate along the growth direction for the TM polarization and perpendicular for the TE one. The difference in coupling and propagation losses between TE-and TM-polarizations is almost negligible for both types of waveguide. The vanishing of the polarization dependence of the transmittance due to the geometrical asymmetry of the waveguides is attributed to enhanced Rayleigh scattering in waveguide sidewalls defined by the sputtering etching.
Particularly, coupling losses in the compact InN waveguide are much larger (∼50 dB) than those in the columnar one (∼40 dB). This difference can be related to the waveguide geometry since the columnar InN waveguide has an InN guiding layer quite thicker (600 nm) than the compact one (350 nm) maintaining both the same ridge width (2 μm). Considering the propagation losses, they are much higher for the columnar InN waveguide (∼15 dB/mm) compared to those corresponding to the compact InN device (∼8.7 dB/mm). Thus, the difference in propagation losses between both devices can be mainly attributed to the better confinement of the optical mode through the compact InN waveguide reducing the light diffraction along the x-axis while minimizing the optical losses due to surface roughness at the involved interfaces. Furthermore, the nanocolumns forming the columnar InN waveguide could act as internal scattering centers leading to a larger contribution of optical loss due to Rayleigh scattering effects compared to the compact InN waveguide. Also the nanostructured morphology of the columnar InN device could imply a reduction of the effective refractive index of the InN material. This could induce a lowering of the optical confinement of the light due to the reduction of the refractive index contrast within the structure. It has to be noticed that in the following transmittance measurements performed in isolated optical waveguides, the coupling losses have been considered equally distributed between both facets. Fig. 4 shows the experimental transmittance for both InN-based devices as a function of the input pulse energy together with FESEM images of (a) the plane view of the 2-μm-wide and 100-nm-deep columnar InN waveguide and (b) the cross section of the 2-μm-wide and 350-nm-deep compact InN waveguide. A reduction of the transmittance from low to high input pulse energies is clearly observed reaching a maximum contrast in both devices of ∼6 dB for TE light and ∼4.5 dB for TM polarization. The observed reverse saturable absorption is attributed to a TPA process that shows polarization dependence due to the asymmetry of the InN crystals.
The generalized Lambert-Beer's Law including the nonlinear absorption contribution through TPA process is given by d I dz = −α 0 I − β I 2 , being α 0 and β the linear and nonlinear absorption coefficients, respectively. When integrating this equation along the whole length of the waveguide (L), the optical transmittance through a waveguide as a function of the input pulse energy (E pulse ) is given by:
where A ef f is the effective mode area, L ef f is the effective length of the device and t is the temporal pulse width entering the optical waveguide. By fitting the experimental results from Fig. 4 to Eq. (1), both linear and nonlinear absorption coefficients can be estimated (see Table I ). In all cases, the transmittance obtained for the maximum input power significantly differs from the calculated expected value from data fitting to Eq. (1). This increased absorption at the highest input pulse intensity analyzed (∼2.7 GW/cm 2 ) could be attributed to a likely contribution of nonlinear free carrier absorption (FCA) effect by the free electrons excited by the TPA process. This FCA phenomenon is enhanced at high optical intensities following a cubic dependence on the input power [14] . The values of β estimated at 1.55 μm in this work (see Table I ) are larger for TE-light than for TM-light in both devices. The ratios between both polarization-dependent β values are estimated to be ∼1.5 and ∼1.6, for the columnar waveguide and the compact InN one, respectively. This polarization-dependent response is due to the crystal asymmetry of the wurtzite InN material. TE-light pumps the sample directly onto the basal crystallographic plane of the InN hexagons, exciting only one component of the third-order susceptibility tensor responsible of the nonlinear TPA (χ (3) x x x x , because of the isotropy of the basal plane). However, TM-light excites the component along the c-axis (χ (3) zzzz ) since the electric field vibrates along the hexagon axis [15] .
In addition, it has to be highlighted that the obtained values of β are larger than that reported for InP with a recovery time in the subpicoseconds range [16] , and those of Si(111) and GaAs, of 0.88 cm/GW and 10.2 cm/GW, respectively [17] . Nevertheless, the nonlinear absorption coefficients estimated from these InN-based devices are lower than the obtained in sputtered-bulk InN in our group (167±30 cm/GW) [8] . It should be noticed that this value corresponds to TE-light excitation in the transmittance measurements of the waveguides. Thus, the lower value of β estimated from measurements in waveguides could be attributed to a slight underestimation of the coupling losses in both studied devices.
The efficiency of the developed InN-based waveguides as nonlinear optical devices is assessed by considering the 3 dB of optical loss increase as the figure of merit. The input pulse energies required for reaching a 3-dB change for TE-and TM-light for both devices are presented in Table I . The best result is obtained for the compact InN-based device, with a value of input pulse energy to achieve a 3-dB transmittance contrast of ∼1 pJ. This value is similar to the values required in more complex GaN/AlN-quantum-based waveguides showing saturable absorption, it being 3 pJ of input pulse energy [10] .
IV. CONCLUSION
The capability of sputtered-InN-based optical waveguides to act as high-efficient reverse saturable absorbers via the TPA process has been demonstrated. The obtained results open the possibility of using RF sputtering as a low cost deposition technique for the development of InN-based optical waveguides in a thermally harmless procedure. These InN-based devices could act as all-optical limiters within a III-nitride-based PIC at 1.55 μm.
